Aim The aim of this study was to assess the in¯uence of island area, distance to source pool, latitude, habitat diversity and habitat type on species richness of forest birds in the Andaman islands.
large vs. small reserves, are contested based on the interpretations of island biogeographic theory (Wilson & Willis, 1975; Simberloff & Abele, 1976; Higgs, 1981; Boecklen & Gotelli, 1984) .
However, in most cases, the effects of area and habitat diversity are inter-related (Connor & McCoy, 1979; Gilbert, 1980; Boecklen & Gotelli, 1984) , and often in¯uence each other directly and indirectly (Kohn & Walsh, 1994) . Recent work has shown that habitat diversity and the availability of particular habitat types might be important in determining the species richness of Aegean land snails (Welter-Schultes & Williams, 1999 2 ). The occurrence of wet forests on islands signi®cantly in¯uenced butter¯y distributions in the Andaman islands (Devy et al., 1998) .
The Andaman islands which lie off the coast of S. E. Asia in the Bay of Bengal provide a natural laboratory for testing the effects of area, habitat diversity and habitat type on species richness. First, there is a latitudinal gradient which in¯uences the climate and consequently the vegetation (Ellis, 1989; Davidar et al., 1995) . The presence of well de®ned and easily recognizable forest types (Champion & Seth, 1968 ) make identi®cation of habitats and habitat analyses possible. The habitat use patterns and the biogeographical history of birds are also known (Ripley & Beehler, 1989; Yoganand & Davidar, 2000) , making inferences easier than for other taxa.
In the Andamans, the relationship between species, area and habitat related factors can be analysed by controlling both area and levels of habitat diversity and habitat type. The relationship between species and habitat diversity can be analysed by looking at islands of similar sizes with different levels of habitat diversity. Similarly the effect of area can be determined by looking at islands of different sizes with similar levels of habitat diversity. The differential impact of each variable can be analysed by using multiple regression analysis.
We conducted a study of the insular biogeography of forest birds in the Andaman islands and looked at the effects of area and habitat related factors on species richness of forest birds.
STUDY ARE A
The Andaman islands lie between 10°30¢ ± 13°41¢ N and 92°12¢ ± 93°57¢ E, off the coast of S. E. Asia in the Bay of Bengal about 571 km from the Malay peninsula and 1330 km from southern India (Fig. 1 , Ripley & Beehler, 1989) . The northernmost islands are about 285 km from Myanmar and the southernmost is the Little Andaman island. The climate is tropical and oceanic with rainfall from both the SW and NE monsoon winds. The average annual rainfall is 3000 mm (Anonymous, 1989) , increasing from the northern to the southern islands (Ellis, 1989) . This results in a north±south vegetational gradient with predominantly drier forests in the northern islands and wetter forests in the southern islands (Davidar et al., 1995) .
Most of the land area of the Andamans is comprised of four large and contiguous islands, the North Andaman island, the Middle Andaman island, Baratang and the South Andaman island. Rutland, a large island lies close to the southern tip of the South Andaman island. The Little Andamans, another large island is 67 km south, and the southernmost in the Andaman group. The Little Andaman island is separated from the Nicobars further south by the 140 km wide`10°channel'. Ripley & Beehler (1989) listed 104 species of breeding birds on the Andaman and Nicobars. This includes 17 endemic species ( 3 T. Inskipp, personal communication), and 86 endemic races. Their af®nities are predominantly with Myanmar and the Malay peninsula, 81 of the species also breed in south-western Myanmar and 75 in the Malay peninsula.
MA TERI AL S A ND METH ODS

Bird survey
Bird lists for each island were compiled on 1 km long transects laid through each forest type on a larger island or across all forest types on a smaller island. These transects were walked in the mornings starting at dawn. The number of transects was related to the size of the habitat. All birds seen and heard were recorded and identi®ed using Ali & Ripley (1987) and King et al. (1975) to get a measure of species richness and relative abundance. Each transect was walked several times until the species accumulation curve reached an asymptote.
Rarity and commonness of forest birds were assessed by their distribution and abundance. To study their distribution, each species, was ranked in ascending order according to the number of islands on which recorded. The total number of sightings per species in the surveys were ranked in ascending order in order to assess abundance. An index was developed using distribution and abundance to identify rare and common species (Gaston, 1994; see Davidar et al., 1996 for details).
All the 104 species of breeding birds were recorded in the survey, however, 47 were identi®ed as predominantly forest dwelling and included in the analysis (Appendix 1). Species with restricted distributions such as the Narcondam Hornbill (Aceros narcondami), those that were dif®cult to sample, nocturnal species and those dependent on water bodies were excluded. Only one species, the Pied Cuckoo Shrike (Coracina nigra), was missed in this survey. This species could be very rare, or be restricted to secondary habitats (Ali & Ripley, 1987) .
Islands sampled
Forty-®ve islands in the Andaman group were surveyed during the dry seasons, from February to May 1992 , 1993 and February of 1994 . This survey covered the large island masses from the North to the Little Andaman island and islands in the associated archipelagoes (Fig. 1 , Davidar et al., 1995) .
The South Andamans and the Labyrinth archipelago were surveyed from February to May 1992. Baratang, the Ritchie's archipelago and seven islands off the North Andamans were surveyed from February to May 1993, and the North Andaman island and 11 associated islands were surveyed in February 1994. The Little Andaman island was surveyed in 1992 and 1994 (Fig. 1) .
The area of each island and the distance to the closest large island were calculated from measurements on satellite images of 1 : 250,000 scale. The outline of each island was traced on a mm 2 tracing sheet and the area was calculated by counting the squares covered by the tracing and the distances were measured to the nearest mm. These measurements were later converted to km 2 for area and km for distance. The effect of latitude on species richness was analysed by recording the latitude of each island on a map. The centre of large islands was taken as the representative latitudinal position for that island. The degree decimal coordinates were used in all calculations.
Habitat distribution analyses
Forest was taken to be synonymous with habitat and all the forest types on an island were initially recorded in a preliminary survey. The different types of forest encountered were identi®ed with the help of Champion & Seth (1968) and were classi®ed into three groups: littoral forests, deciduous forests and wet forests (evergreen and semievergreen). Littoral and deciduous forests were more open and drier than the wet forests. The habitat description was carried out during the dry season when the different forest types are easier to identify as the deciduous species lose their leaves. Further details are given in Davidar et al. (1995) . A habitat analysis was conducted across all the island groups and island sizes.
The distribution of the forest types within the different island groups (North, Middle and South Andamans), and on islands of different sizes were analysed. Islands were grouped into size classes of < 0.1, 0.1±0.99, 1±9.99 and 10±15 km 2 . The number and percentage of islands in each size class with littoral, deciduous and wet forests were estimated.
Island biogeography
All islands
The effects of island size, distance from the nearest large island and habitat diversity on species richness (Sokal & Rohlf, 1981) were analysed by using regression analyses. Untransformed and log-transformed variables were used in the regressions to obtain the best ®t model. The model giving the highest R 2 and which linearized the regression was taken as the best ®t model (Connor & McCoy, 1979) .
Simple regressions were conducted separately on the effects of area, distance and habitat diversity on species richness. For the distance analysis, the large islands which are contiguous with each other were excluded, as`distance from the nearest large island' was used instead of the mainland as the source pool for species. Latitude was not considered in this analysis as the large islands fall within a range of latitudes. A multiple regression analysis was then conducted in order to understand the relative contributions of each variable on species richness.
Species±area relationships on smaller islands
Regression analysis between the independent variables and species richness were conducted using a subset of 37 smaller islands < 15 km 2 in area. This is because the levels of species richness and habitat diversity saturated on the larger islands, potentially obscuring signi®cant relationships.
Area and habitat diversity
The relative importance of area and habitat diversity were inferred from the results of the above regressions, as well as by controlling to attain the effects of either by using a subset of the data.
To investigate the effects of area on species richness without the confounding effects of habitat diversity, a subset of islands were selected in order to standardize the levels of habitat diversity. For example, the number of habitat types on an island were used to denote the habitat diversity level of that island. For instance, islands with two habitat types were assigned a code of 2, and those with three habitat types were assigned a code of 3 (Appendix 1). A simple regression analysis between area and species richness on 10 islands of different sizes with habitat diversity levels of 2 and 3 were conducted.
To look at the effects of habitat diversity without the confounding effects of area, seven islands of similar sizes with areas ranging between 11 and 15 km 2 were selected, and a regression analysis between habitat diversity and species richness was performed.
Effects of habitat type
To look at the effects of habitat type on species richness, a subset of 16 islands between 1 and 15 km 2 were selected. Of the 16 islands, eight had wet forests and eight did not. Regression analyses between area and species richness, were performed separately for islands with and for islands without wet forests.
The contribution of wet forests to species richness was further analysed by looking at islands with and without wet forests in habitat diversity classes 2 (islands with two forest types) and 3 (islands with three forest types). Islands in these two different habitat diversity classes were separately compared for differences in species richness using a Wilcoxon test (Siegel & Castellan, 1989 4 ).
RESULTS
Habitat description
The littoral forest was the most common occurring in 98% of all the islands. Deciduous forests were recorded on 64% of the islands surveyed and wet forests (evergreen and semievergreen) on 45% of the islands (Table 1) . The proportion of islands with wet forests changes signi®cantly with latitude for islands between the size classes 1± 15 km 2 . Wet forests are more common in the southern than on the northern islands (X 2 13.33, d.f. 2, P 0.001, Table 2 ).
Determinants of species richness
Statistical models For the whole of the Andaman islands, the relationship between species and area was analysed using the log species/log area and species/log area models. Both gave signi®cant results although the species/log area regression, called the exponential model, linearized the equation and was therefore considered the best ®t model (Fig. 2, Table 3 ). Distance did not in¯uence species richness (Table 3) . There was a signi®cant relationship between species and area within each island group (Table 3) . These island groups fall within particular latitudinal gradients. The power function model was used for the analyses as it facilitated comparison amongst the three island groups and gave better R 2 values than the exponential model. However the slope was curvilinear for North Andamans, as the mean number of species was lower when compared with islands of similar areas in the Middle and South Andamans (Table 4 , Appendix 2).
The mean numbers of species were similar for all island groups in the small island size classes (< 0.1 km 2 ), whereas it was lower for the North Andaman group as compared with the Middle and South Andaman groups for the larger size classes (0.1±0.99 and 10±15 km 2 , Table 4 ). There was a signi®cant relationship between species and log area, when islands < 15 km 2 were compared (Table 3) .
Area, habitat diversity and habitat type
Habitat diversity was positively correlated with species richness for the whole data set and for smaller islands as well (Table 3 ). There was a signi®cant relationship between log species and log area within the 10 islands with habitat diversity levels 2 and 3 (level 2: log species 1.27 + 0.25 log area, R 2 0.58; and level 3: log species 0.705 + 0.28 log area, R 2 0.82, d.f. 9, P < 0001). There was a highly signi®cant relationship between species richness and habitat diversity when islands with a narrow range of areas were compared. The regression equation describing this relationship is: y 11.4 + 6.24x, R 2 0.95, n 7, P < 0.0001.
Species richness was signi®cantly related to the presence of wet forest type for both habitat diversity levels 2 and 3 (habitat diversity level 2: Wilcoxon one-tailed test: P 0.05. Habitat diversity level 3: Wilcoxon one-tailed test, z 2.54, P 0.005).
When the islands with and without wet forests were analysed, the slope of the regression between log species/ log area reached an asymptote for islands without wet forests whereas it was linear for islands with wet forests (Table 3, Fig. 3 ). The majority of islands without wet forests are located below the regression line describing islands with wet forests indicating lower species richness on islands without wet forests (Fig. 3) .
Five of the nine rare species (see Davidar et al., 1996 for details) were predominantly wet forest dwelling, three preferred deciduous forests and one was a moist deciduous forest species. None had generalized habitat preferences. None of these were recorded on islands < 1 km 2 in area (Table 5) . 
Statistical models
For all the islands surveyed, the exponential model between species and log area gave a better ®t to the data than the power function. This is probably because of the 5-fold difference in area between the smallest and largest islands sampled, whereas the range of bird species was not large enough. As Connor & McCoy (1979) have suggested, the best ®t model between species and area can only be determined empirically. In our case the data did not ®t Preston's (1960 Preston's ( , 1962 assumptions of true isolates and large species number (50±100). Many of the islands in our survey were in close proximity to each other making distance effects negligible, and the number of species included in the survey was less than 50. Thus, because Preston's (1960 Preston's ( , 1962 assumptions were not met in our study (Connor & McCoy, 1979) , we empirically determined the best ®t model.
Habitat types, latitude and island size
The forest types in the Andamans change across the latitudinal gradient and with island size and were signi®cantly nested across all island groups in the Andamans (Davidar et al., in press ). The littoral forest was the most common across all island groups and sizes. Wet forests were the least frequent and their distribution was signi®-cantly related to latitude and to island size. The proportion of islands with wet forests increased from the north to the south following the north±south rainfall gradient (Ellis, 1989) , and were more common on larger islands (Davidar et al., in press ). Habitat diversity was signi®-cantly related to island area. Therefore both habitat diversity and the presence of wet forests are dependent on island area.
Determinants of species richness
Island size and habitat diversity signi®cantly in¯uenced species richness of forest birds in all the analyses conducted, although distance did not have an effect. The importance of island size and habitat diversity in in¯uencing species richness was supported by analyses within island groups and for smaller islands as well. There was also a signi®cant effect of latitude on species richness. This is evident when the North Andaman group is compared with the Middle and South Andamans. Large and mid-sized islands in the North Andamans supported fewer species than islands of similar area in the Middle and South Andamans. The species/area slopes for the Middle and South Andamans indicated that species accumulate more rapidly with island size in these island groups. The intercept values across all island groups were similar, suggesting negligible latitudinal effects when only small islands are considered. This is probably because small islands host mostly widespread generalist species (Davidar et al., in press) .
Although area was very important in in¯uencing species richness, the underlying habitat related parameters control the processes at a micro-level. When the effect of area was controlled, habitat diversity signi®cantly in¯uenced species richness. Similarly, when islands with similar levels of habitat diversity were compared, area was signi®cantly related to species richness. Therefore both these parameters appear to be important determinants of species richness. The habitat diversity measure masks the importance of particular habitat types on species richness.
Effect of habitat type
When the relationships between species and area on islands with and without wet forests were analysed 5
, the results showed that islands without wet forests species richness saturated on mid-sized islands, whereas it continued to increase on islands with wet forests. When islands of similar sizes with the same level of habitat diversity were compared, wet forests are signi®cantly associated with increased species richness of forest birds on islands. The higher levels of species richness in the Middle and South Andamans are probably related to the presence of wet forests on smaller islands. In North Andamans, wet forests are con®ned to the large North Andaman island. Wet forests in the Andamans Davidar et al. (1996) . From Ali & Ripley (1987) , Yoganand & Davidar (2000) . are probably reservoirs of many habitat specialists (Devy et al., 1998; Yoganand & Davidar, 2000) . Butter¯y distributions in the Andamans are also strongly in¯uenced by wet forests (Devy et al., 1998) . The importance of wet forests for forest birds might be related to the biogeographical history of the Andamans and also because wet forests are species rich ecosystems. The Andaman biota have strong af®nities with that of the Malay peninsula where wet forests are the predominant vegetation type (Ripley & Beehler, 1989; Whitmore, 1990) . Therefore wet forests are probably the primary habitat for many species (Devy et al., 1998; Yoganand & Davidar, 2000) . Boecklen (1986) shows that habitat heterogeneity increases the rate of species accumulation in forest birds, thereby suggesting that several reserves with more habitats would more effectively conserve biodiversity than a single large reserve. Our study shows that habitat type can signi®cantly in¯uence species richness. Therefore certain habitats which maintain the biodiversity at a regional scale can be called keystone habitats'. If the distribution of these keystone habitats is correlated with island size, which is the case in our study, then conserving several small islands would not be as ef®cient as conserving a large island which includes keystone habitat types.
Habitat preferences of birds
Analyses of the habitat preferences of 30 of these forest birds indicated that approximately half of these preferred wet forests and the rest deciduous forests. However these habitat preferences did not correspond with the overall distribution of these species within the Andamans (Yoganand & Davidar, 2000) , i.e. species with restricted distributions were not specialists of wet forests. However the habitat preferences of only common species were analysed in this study, when rare species (of status 1±2, see Davidar et al., 1996) were considered, it was seen that ®ve of the nine species preferred wet forests. Probably these ®ve species, which are also restricted to the larger islands (Table 4 ) make a signi®cant difference in species richness across island groups and sizes. These rare species also indicate that wet forests occurring on the large islands are important reservoirs for Andaman biodiversity and should be protected on a priority basis.
Because of the close proximity and contiguity of the large islands and the archipelagoes in the Andamans, there is more uniformity in the species distributional patterns (Davidar et al., 1996) . Local races are not evident. The only exception to this pattern is the Narcondam Hornbill (A. narcondami) which is found on a single, relatively more isolated island. This is in contrast to the pattern recorded in the Nicobars where the islands are more scattered and isolated (Sankaran, 1997 6 ). The Little Andaman island which is a large, isolated island also could contribute to geographical isolation and speciation, and there are indications that this is so with regard to butter¯ies (Devy et al., 1998) .
CONCLUSIONS
This study indicates that whilst area and habitat diversity are equally in¯uential in determining species richness on islands, the role of speci®c habitats needs to be explored further. These`keystone' habitats which maintain regional biodiversity need to be identi®ed and protected on a priority basis for the conservation of species and for the management of tropical biodiversity.
